In this paper we review the results of our echort to grow layers and low-dimensional structures containing Cd1-x ΜnxTe diluted magnetic semiconductor with relatively high values of Mn molar fraction x. A high quality of the structures grown so far is demonstrated by making use of results of several selected experiments. In the case of the epilayers having bulk-like thickness with x > 0.7 we discuss, in particular, the magnetic phase diagram as well as we report on collective spin excitatioii (magnons) observed in Raman scattering experiments. The discussion of the growth of different quantum wells, including rectangular, digital, parabolic and wedge quantum wells, is accompanied by a brief overview of their optical and magnetooptical properties. These results include first measurements concerning magnetic polarons in quantum wells embedded in Cd1-xMnxTe barriers with 0.4 < x < 0.8. Finally, we report on the present status of the search for dimensional effects in the spin-glass phase performed with the use of our specially designed superlattíce structures.
Recent progress in non-equilibrium growth techniques, especially in molecular beam epitaxy (MBE), made possible a realization of DMS materials with x exceeding 0.7 required for such studies. Although the first successful growth of ZB MnΤe by MBE was reported by Durbin et al. [2] already several years ago, the number of papers devoted to stuctures containing Cd 1 -x Mnx Τe with high Mn molar fractions has been still very limited. This is because the growth of stuctures with high x, even in the case of MBE, is much more challenging than those with small x.
In this paper we report on our effort to obtain such structures with the use of an EPI 620 MBE machine in the Institute of Physics of the Polish Academy of Sciences in Warsaw. The stuctures include single-crystal cubic MnTe films with a "bulk-like" thickness (up to 8 μm -the thickest ZB MnTe ever grown), Cd1-x Mn x Τe single-crystal films in previously inaccessible Mn concentration region 0.7 < x < l, as well as various low dimensional structures composed of these materials. We succeeded in producing high quality quantum wells (QWs) and superlattices (SLs) with a very strong quantum confinement. We were able to grow also more complicated stuctures like digital magnetic QWs (i.e., QWs in which the well material is itself a short period SL), wedge QWs (where QW-width changes in one of the two in-plane directions perpendicular to the growth axis) and, finally, parabolic QWs (where quantum confining potential assumes a parabolic shape). The use of hybrid GaAs/ZnTe/CdTe substrates allowed us to produce specimens with volumes large enough for experiments, such as magnetization measurements, that require particularly large samples.
In this paper we will give a review of several results obtained on our samples. These include first studies of the magnetic phase diagram of Cd1-xMnxTe for high x, observation of spin-wave excitation (magnons) by Raman scattering, results of a search for dimensional effects in spin-glass transition in Cd 1 -x Mn x Τe/CdTe SLs, as well as studies of magnetic polarons in QWs.
Epilayers
A series of Cd 1 -x Mn x Τe epilayers with 0.4 < x < 1 and with bulk-like thickness (from 3 to 8 μm) have been grown on (100)GaAs substrates [3] . They were, subsequently, used to study the magnetic phase diagram in the range of high Mu molar fractions. Measurements of the magnetization were performed with a SQUID magnetometer on "sandwich" samples prepared from about 1 cm 2 of the initial material. Preparation of these sandwiches consisted of reducing GaAs substrate thickness to about 100 μm, breaking the specimens into 4 x 4 mm 2 squares and, finally, gluing them in a stack.
In the case of pure ZB MuTe, Sawicki et al. [4] studied the magnetization in two configurations, with the magnetic field perpendicular or parallel to the growth axis. The experiments were done on (100) as well as on (111) oriented epilayers. No differences in the values of the magnetization were observed indicating that neither the growth orientation nor a residual strain have any influence on the magnetic properties seen by SQUID. The critical temperature for the transition between paramagnetic and antiferromagnetic phase in ZB MnTe obtained from these experiments, TF = 67 K, is in perfect agreement with the value obtained by Giebułtowicz et al. [1] from neutron scattering. In contrast, the transition temperature obtained previously from SQUID measurements by Ando et al. [5] was slightly lower.
The fact that we were able to grow ZB MnTe as thick as 8 μm (which is to our knowledge the thickest cubic MnTe film ever grown by MBE) suggests that ZB phase may actually be the stable phase of MnTe grown at low temperatures, contrary to previous suggestions that ZB phase is unstable, and only becomes stabilized by cubic substrates provided that the thickness of the film does not exceed a certain critical value.
The resulting phase diagram for Cd1-x MnxΤe in the entire composition range [6, 4] is presented in Fig. 1 . We have plotted here also the data obtained previously on bulk samples [7, 6] . The boundary at x = 0.6 between the spin-glass and the antiferromagnetic phases has been proposed by Gałązka et al. on the basis of specific heat measurements [7] . Later, neutron diffraction studies have put a question mark on the validity of this distinction. Here, we note that the supposedly different magnetic behavior of these possible two phases as seen by SQUID manife8ts itself as a much steeper increase in TF with increasing Mn composition for x > 0.6. Another observation is that, although no difference between epilayers and bulk crystals can be noticed for x < 0.6, ΤF for epilayers with large x is somewhat higher than that of the bulk materials with a corresponding x. These facts have not been understood properly yet. It is possible that the latter observation is due to a different type of clustering of Mn ions taking place during MBE at the growth temperatures of about 300°C, much lower than those used for growth of bulk crystals. However, more studies are required to clarify the problem. Cd1-xMnxTe epilayers have also been recently the subject of Raman scattering experiments which reveal the existence of collective spin excitations, called magnons, in both pure ZB MnTe and in the mixed crystals with x > 0.6 [8] . The energies of the magnon mode are consistent with those obtained by extrapolation of the results obtained by other researchers on bulk samples containing smaller amounts of Mn [9] . Softening of the magnon mode with an increasing temperature until their disappearance at the critical temperature (equal to that measured by SQUID) is also observed, corroborating their identification.
Studies of magnetooptical properties of Cd1-x Mnx Τe epilayers with large Mn mole fractions deposited on GaAs were found to be quite difficult in the reflection configuration [10] . Therefore, we have recently grown first samples of cubic MnTe on transparent (111)BaF 2 substrates [11] . It was then demonstrated by direct measurements of the absorption edge in a transmission experiment that the energy gap of MnTe is greater than 3 eV, thus proving again the zinc-blende stucture of these samples (the energy gap of the hexagonal variation of MnTe is known to be considerably smaller, approximately 1.3 eV).
Quantum weHs
Quantum wells with weakly diluted MnTe barriers are not only interesting because of the unique magnetic properties of the barrier material but also because they are characterized by a very strong quantum confinement. The latter property can have many interesting implications, including a very strong anisotropy in an external magnetic fleld [12] .
High quality quantum wells and multiple QW stuctures were grown in our laboratory in the full range of Mn composition in the barriers. Majority of our growth processes have been performed on hybrid (100)GaAs/ZnTe/CdTe substrates with a typical CdTe buffer thickness of about 3.5 μm. Both a regular MBE growth mode and atomic layer epitaxy (ALE) growth mode could be used to produce CdTe QW. These two growth methods yielded structures having a similar photoluminescence quality (see Fig. 2 ). In the MBE growth mode of CdTe wells (or Cd1-xMnxTe barriers) both Cd and Te fluxes (or Cd, Mn and Te fluxes) impinge simultaneously onto the substrate, and a precise control of the width of QW is achieved only after a careful calibration of the growth rate. This calibration is done by monitoring the period of intensity oscillations of characteristic fragments (the specular spot, in most of the cases) of reflected high energy electron diffraction (RHEED) patterns. The flux dependent growth rate used in our processes was chosen to be in the range 0.12-0.7 μm/h. In the ALE mode, used by us to grow CdTe wells only, the fluxes of Cd and Te impinge alternatively on a substrate, with some dead time in between allowing for re-evaporation of excessive atoms from the surface.
In the ALE growth mode the growth rate depends primarily on the substrate temperature. If the temperature is chosen correctly (i.e., in a proper range) a single monolayer per growth cycle is deposited [13] , as demonstrated in Fig. 2 . In this figure we compare the photoluminescence energy from a multiple quantum well stucture produced by the regular MBE with that from a stucture in which three QWs were produced by 20, 12 and 8 Cd/Te ALE cycles, respectively. There is good agreement between the PL energies in ALE-grown QWs and those in regular QWs. This data indicate also that the quality of the QW luminescence is determined mainly by roughness of the interface with Cd1-x Mnx Τe barriers. In order to decrease luminescence line width it is then necessary to improve first the interface smoothness. This, hopefully, can be done with the use of ALE combined with pulsed Mn flux during the growth of the barriers.
A high precision of the growth of QWs with a required width is demonstrated in Fig. 3 , where PL peak energies observed in a set of multiple QWs with nominal thicknesses 4, 6, 12 and 30 monolayers (ML) containing various Mn amount in the barriers are compared with a theoretical calculation done without any adjustment of QW width [14] . Small scatter of the data around theoretical lines can be explained in terms of slightly different Mn profiles across the interfaces between barriers and wells in each particular sample. This composition profjle of the interface can be characterized by a method which takes advantage of an enhanced spin splitting of the states in QW with non-abrupt interfaces with DMS barriers [15] .
Tle value of the "Mn-interdiffusion length" obtained by this method in our samples is of the order of 1 ML [16] . Such value is typical for good quality stuctures grown at similar substrate temperatures in other laboratories [15] .
Our Cd1-xMnxTe/CdΤe QW stuctures with 0.4 < x < 0.8 were used to extend earlier studies of twodimensional magnetic polarons [18] into the previously unexplored region of high Mn molar fractions. The magnetic polaron energies and formation times were measured by cw-and time-resolved photoluminescence under selective excitation [19] . In agreement with previous findings, the polaron formation time depends predominantly on the Mn content, and decreases with increasing x. On the other hand, a very interesting new finding of this study is that the magnetic polaron formation leads to an appearance of an additional line in the photoluminescence excitation spectra, not observed previously for lower x values. Moreover, the new line can also be used to determine the Zeeman splitting of the heavy hole exciton with a precision greater than that possible in direct measurement of the magnetic field dependence of the heavy hole exciton photoluminescence line.
Energies of the magnetic polaron measured for high Mn composition were found to be larger than those for Mn contents x < 0.4. That is just opposite to what one might expect (since higher Mn composition means stronger Mn-Mn antiferromagnetic interaction and, therefore, lower magnetic polaron energy). An analysis of possible mechanisms that could be responsible for the above observation leads to the conclusion that large polaron energies sensitively reflect the Mn profile at the interface. Studies of the magnetic polaron energy may, therefore, be used as a method of interface profile characterization in samples having high-x material, in addition to previously proposed and commonly used method based on an enhanced Zeeman splitting [15] . In fact, the conclusions obtained from the magnetic polaron studies concerning the lack of interface sharpness are confirmed by the latter method.
Very large band gap discontinuity, inherent for high x stuctures, together with internal strain, causes a considerable heavy hole-light hole splitting. As a consequence, a very strong anisotropy between the suppression of polaron formation by an external magnetic field in Faraday and Voigt geometry was found. This anisotropy was qualitatively described by model calculations [19] .
Apart from regular rectangular wells we have recently grown new stuctures called digital magnetic QWs (DMQW). In these structures the well material is itself a short period superlattice (SPSL) composed of alternating diluted magnetic semiconductor and nonmagnetic layers each only a few monolayers thick [20] . The realization of this new QWs has been confirmed by direct transmission electron microscopy studies, showing distinct CdΤe and Cd1-x MnxΤe layers inside the QW material. Novel structures of this type can be useful in a variety of studies including studies of the barrier-well interface sharpness and low-dimensional magnetism. For example, DMQWs with SPSL comprised of one ML of cubic MnTe alternated with n MLs of CdΤe grown on a (100) plane, and immersed in MnTe barriers, provides a system suitable for studying 2D antiferromagnetism by optical methods. Also, with an increase in n, i.e., with increasing separation between magnetic layers, one can try to study the crossover from 3D to 2D magnetism, and to obtain information on the range of the antisferromagnetic coupling between magnetic ions. The advantage of DMQW is that the 2D magnetic material is inside the well and that only several MLs are sufficient to make a useful structure. This not only saves effusion cell shutter lifetime, but also allows one to grow stuctures of better quality and reproducibility than is the case with thick stuctures such as these required for SQUID magnetization measurements.
The digital method used to grow DMQWs can easily be modified to allow the growth of QWs with an arbitrary shape of the confining potential. In order to obtain the required shape, the growth of a quantum well is divided into short steps. For each step the manganese effusion cell is open for the time needed to obtain a given (required by the assumed shape) value of Mn composition. For example, if the Mn molar fraction needed for a particular step is equal to 25% then the Mn cell is to be open for 1/4 of the time required to grow this step [21] . The step can be as small as one monolayer provided that the growth rate is low enough and the shutter closing time is very short. In our MBE system this time is below 0.1 s while the time required to grow one ML can be easily extended to over 8 s. Thus, a relatively small error in the profiling of the composition can be achieved, at least for intermediate values of the molar fraction. This has been demonstrated in our MBE system by the growth of QW during which the Mn-cell was open 1/3 of the time required to grow one ML. The value of Mn mole fraction obtained from PL energy observed from this stucture was 34% (of that in the barriers), in perfect agreement with the expected composition of 33.3%.
One of the most important parameters characterizing semiconductor heterostucture is the value of the valence-band offset ΔΕv at the junction between constituent materials. Many different methods have been used to determine this value for CdTe/MnTe system, some taking advantage of the giant spin splitting characteristic for DMS. All of them suffer from a drawback, namely that they involve a fit to some more or less complicated model, typically with more than one fitting parameter. Moreover, in rectangular QWs the level energies are known to be not very sensitive to ΔΕv . In parabolic quantum wells, on. the other hand, energy-level spacings are directly determined by curvatures of the confining potential [21] . For infinite barrier height, QW energy level spacing for i-th particle (conduction electron, heavy or light hole) is given by the following formula:
where Qi = ΔΕi/ΔΕg , ΔΕg is the energy band gap discontinuity at a distance ±Lz /2 from the center of the well, m, is the mass of the particle, i = e, lh, hh and n = 1, 2, 3... being the harmonic oscillator quantum number. Therefore, as already demonstrated by Miller et al. [21] in the case of GaAs-GaAIAs system, parabolic QWs are very useful for the band-offset determination.
In order to make use of this property we grew a set of three parabolic quantum wells with a thicknesses of 41, 62 and 82 ML and the same Mn composition of the barriers, x = 0.8 (as given by the value of the lattice parameter measured by X-ray diffraction). The digital growth method described above was used. Photoluminescence excitation (PLE) spectra obtained on these samples at 10 K are presented in Fig. 4 [22] . In the spectra we can clearly see sets of pronounced, equally spaced peaks, which we interpret as due to hh n to en exciton transitions. In the case of the thickest QW four such transitions were observed (n = 1, 2, 3, 4) while for the thinnest -only two. The left-hand side inset in Fig. 4 demonstrates for 82 and 62 ML QWs that the transitions between hh n and en are equally spaced in energy for different n. This is the first indication that the shape of the confining potential is indeed parabolic. Moreover, as additionally shown by the right-hand side inset in Fig. 4 , the energy level separation in our three QWs scales with 1 / L z as expected for parabolic QWs. Having confidence that we are, in reality, dealing with parabolic QWs we determined the valence band offset from the experimental slope of the level separation vs. 1/Lz dependence. Assuming effective masses m h 0.65 and m*e = 0.095 we obtain for the valence-band offset Q hh = 0.4±0.1. The error reflects the uncertainty in effective mass values only. Our value of the offset is in reasonable agreement with commonly accepted value Qhh = 0.3. But, of course, one has to keep in mind that our estimate is based on the assumption of an infinite barrier height. However, we do not expect that a calculation assuming finite barriers will modify the above value of the band offset considerably in view of rather large widths of our parabolic wells.
In studies of QWs that are aimed at a detailed comparison of their properties as functions of the QW width, it is of extreme importance to have all remaining parameters constant. This is not simple to achieve even if one uses a multiple QW stucture, because then each particular QW (with a given width) is located at a different distance from the surface (or the substrate) and, therefore, is the subject to slightly different dislocation/strain conditions. This is especially important in the case of stuctures grown on strongly lattice mismatched substrates, as it is in the case of CdTe/Cd 1 -x Mn x Te structures grown on GaAs. On the other hand, if one uses a set of similar structures each containing only a single QW located at the same distance from the surface (substrate) then, for each structure, the barrier composition may easily turn out to be slightly different (it is difficult to ascertain exactly the same growth conditions even in consecutive growth processes). Therefore, for sensitive experiments we propose to use a special design of a QW structure, the socalled "wedge QW". In this type of a structure the width of QW changes continuously in one direction of the QW plane perpendicular to the growth axis. Since the whole stucture, containing an entire "set" of QWs, is produced within one growth process, all its remaining parameters stay constant. The growth of such stuctures is achieved in our MBE system in the following way. First, a Cd1-x Mn x Te buffer is grown on a 5 cm long, 5 mm wide GaAs substrate. Then the substrate rotation is stopped and the growth of CdTe well commences while the main shutter is moved at the same speed in 5.2 mm steps parallel to the longer edge of the substrate. After completion of the quantum well the second barrier is grown while rotating the substrate. Photoluminescence from such sample is presented in Fig. 5 . In the left part of the figure one can clearly see that PL peak energy shifts as the exciting laser beam scans the sample. Steps in the PL energy vs. the exciting beam position, shown in the right part of the figure, are only discernible in the region where the well is thinnest. This is related to CdTe flux shadow being not very sharp, because of a large distance between the main shutter and the substrate in our MBE system. Having demonstrated that the wedge QW can be in fact produced we may speculate about possible applications of the wedge QW structures, e.g., for producing "tunable" light sources. In the case of the wedge QW stucture such "tuning" would be obtained simply by moving the exciting laser beam along the structure. In principle, it is also possible to pattern an analogous and properly doped structure into a row of luminescent diodes (or lasers), each operating at a different energy. The energy of the light would, then, be chosen by sending current through an appropriate diode.
superlattices
An increased interest in the studies of the influence of reduced dimensionality on magnetic properties observed in recent years stimulated us to grow superlattice stuctures designed specially to help in the search for dimensional effects in spin-glasses (S-G). A set of four superlattices having the same thickness (16 ML) of CdTe well and differing in the thickness of Cd0.5Mn0.5Τe barriers has been grown by standard MBE on (100)GaAs substrates. The thickness of magnetic layers in successive SLs was reduced from 20, through 15 and 10, down to 5 ML. Sawicki et al. [23] measured (with a SQUID magnetometer) the susceptibility of "sandwich" samples prepared from these SLs. These SQUID data contradict previous results obtained on (111)CdTe/Cd1-x MnTe SLs [24] which seemed to indicate that a 12 ML thick magnetic layer corresponded to a critical thickness for the occurrence of S-G phase in Cd1-x MnxΤe. In the case of our samples Sawicki et al. observed distinct fingerprints of the spin-glass transition for all studied SLs including that with the thinnest (5 ML) magnetic layers. The observation did not depend on the orientation of an external magnetic field with respect to the growth axis.
Although the values of freezing temperature obtained from thermoremanent magnetization measurements decrease as the thickness of magnetic layers is reduced, the extrapolation to vanishing thickness gives a finite value of TF in 1D limit. These conclusions based on the data obtained in SQUID experiments were confirmed in a study of magnetooptical Kerr effect on the very same SLs [25] . Measurements of the frequency dependence of the freezing temperature (from 4 Hz to 30 kHz) did not reveal any qualitatively drastic difference of the behavior of the spin-glass transition from that seen in the bulk material.
Conclusions
In this paper we tried to give a short review of the effort to grow weakly diluted magnetic CdΤe/Cd1-x Mn x Τe semiconductor structures in the Institute of Physics of the Polish Academy of Sciences in Warsaw. This review, because of space limitations, is far from being complete. We have also omitted many interesting aspects of the physics of the systems in question with low x, e.g., concerning their doping [26] , first observation of universal conductivity fluctuations in Cd1-x Mn x Te quantum wires [27] , etc. The reader is referred to several other papers in these Proceedings presenting more results of various types of measurements taken recently on our samples.
